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Bortezomib antagonizes microtubule-interfering 
drug-induced apoptosis by inhibiting G2/M transition 
and MCL-1 degradation 

F Rapino 1 , 1 Naumann 1 and S Fulda*' 1 

Inhibition of the proteasome is considered as a promising strategy to sensitize cancer cells to apoptosis. Recently, 
we demonstrated that the proteasome inhibitor Bortezomib primes neuroblastoma cells to TRAIL-induced apoptosis. In the 
present study, we investigated whether Bortezomib increases chemosensitivity of neuroblastoma cells. Unexpectedly, we 
discover an antagonistic interaction of Bortezomib and microtubule-interfering drugs. Bortezomib significantly attenuates the 
loss of cell viability and induction of apoptosis on treatment with Taxol and different vinca alkaloids but not with other 
chemotherapeutics, that is, Doxorubicin and Cisplatinum. Importantly, Bortezomib inhibits G2/M transition by inhibiting 
proteasomal degradation of cell cycle regulatory proteins such as p21, thereby preventing cells to enter mitosis, the cell 
cycle phase in which they are most vulnerable to antitubulin chemotherapeutics. Consequently, Bortezomib counteracts 
Taxol-induced mitotic arrest and polyploidy, as shown by reduced expression of PLK1 and phosphorylated histone H3. 
In addition, Bortezomib antagonizes Taxol-mediated degradation of MCL-1 during mitotic arrest by preventing cells to enter 
mitosis and by inhibiting the proteasome. Downregulation of MCL-1 is critically required for Taxol-induced apoptosis, as 
overexpression of a phosphomutant MCL-1 variant, which is resistant to degradation, significantly diminishes Taxol-triggered 
apoptosis. Vice versa, attenuation of Bortezomib-mediated accumulation of MCL-1 by knockdown of MCL-1 significantly 
enhances Taxol/Bortezomib-induced apoptosis. Thus, Bortezomib rescues Taxol-induced apoptosis by inhibiting G2/M 
transition and mitigating MCL-1 degradation. The identification of this antagonistic interaction of Bortezomib and microtubule- 
targeted drugs has important implications for the design of Bortezomib-based combination therapies. 
Cell Death and Disease (2013) 4, e925; doi:1 0.1 038/cddis.201 3.440; published online 21 November 2013 
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As the prognosis of neuroblastoma, a common pediatric 
cancer, remains poor especially for advanced and relapsed 
disease, 1 new therapeutic approaches are urgently required. 
Microtubule-interfering drugs are widely used for the treat- 
ment of cancer and comprise both vinca alkaloids such as 
Vincristine, Vinorelbine and Vinblastine that destabilize 
microtubule formation as well as taxanes such as Taxol that 
stabilize microtubule formation. 2 The cytotoxic activity 
of antitubulin chemotherapeutics depends on actively pro- 
liferating cells, as they primarily trigger cell death by imposing 
a mitotic block. 2 Cell cycle progression is precisely regulated 
in eukaryotic cells and the transition between the different 
phases of the cell cycle is controlled by transcriptional 
induction, post translational modifications and proteasomal 
degradation of various cell cycle-regulatory proteins. 3 
Progression through mitosis is intrinsically connected to 
apoptosis to ensure that cells that exhibit abnormalities during 
mitosis, for example, prolonged mitotic arrest, are eliminated 
by programmed cell death. Recently, phosphorylation of 
the antiapoptotic protein MCL-1 by mitotic kinases and its 
subsequent proteasomal degradation during prolonged 



mitotic arrest, for example, on treatment with antitubulin 
chemotherapeutics, has been identified as a molecular event 
that links the failure to resolve mitosis to the initiation 
of apoptosis. 4 ' 5 

The proteasome is considered as a promising target for 
anticancer therapy. 6 Bortezomib represents the first protea- 
some inhibitor approved by the Food and Drug Administration 
(FDA) for the treatment of human cancers, for example, 
multiple myeloma and mantle cell lymphoma. 6 Bortezomib is a 
water-soluble dipeptide boronic acid that reversibly binds to 
the 26S subunit of the proteasome. 6 Besides its use as 
monotherapy, Bortezomib has been evaluated as a mean to 
increase the sensitivity of cancers towards cytotoxic thera- 
pies, for example, chemotherapeutic drugs or experimental 
therapeutics such as the death receptor ligand tumor- 
necrosis-factor-related apoptosis-inducing ligand (TRAIL). 7,8 
Bortezomib has been suggested as a promising investiga- 
tional drug for neuroblastoma based on its antitumor activity 
in preclinical studies. 9-15 We recently demonstrated that 
Bortezomib synergizes with the death receptor ligand TRAIL 
to trigger apoptosis in preclinical models of neuroblastoma 
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and glioblastoma. 16 ' 17 In the present study, we therefore 
investigate whether Bortezomib can be used to enhance 
chemosensitivity of neuroblastoma cells. 

Results 

Bortezomib rescues neuroblastoma cells from 
microtubule-targeted drug-induced loss of viability. 

To investigate whether Bortezomib sensitizes neuroblastoma 
cells to chemotherapy-induced apoptosis, we used SH-EP 
and LAN5 as cellular models of neuroblastoma that harbor 
some characteristic genetic alterations of neuroblastoma 
(Supplementary Table S1). Unexpectedly, we found that 
Bortezomib significantly attenuated rather than increased 
Taxol-induced loss of viability over a wide concentration 
range in both cell lines (Figure 1a). Calculation of combi- 
nation index (CI) confirmed that the cotreatment of Bortezo- 
mib and Taxol is highly antagonistic (Figure 1b). To 
investigate the effect of Bortezomib on long-term clonogenic 
survival after treatment with Taxol, we performed colony 
assays. Importantly, addition of Bortezomib significantly 
diminished Taxol-mediated reduction of colony formation 
compared with cells treated with Taxol alone (Figure 1c). 

To explore whether the Bortezomib-provided protection 
against Taxol is a general feature of microtubule-interfering 
drugs, we extended the experiments to additional drugs 
that target microtubules, that is, vinca alkaloids. Interestingly, 
Bortezomib also significantly rescued cell viability upon 
cotreatment with Vinblastine, Vincristine or Vinorelbine 
(Figure 1d). In contrast, Bortezomib did not diminish loss of 
viability on treatment with the topoisomerase II inhibitor 
Doxorubicin or the DNA-crosslinking agent Cisplatinum 
(Figure 1e), indicating that Bortezomib-conferred protection 
against chemotherapy-induced cytotoxicity is stimulus- 
dependent. Taken together, these results demonstrate that 
Bortezomib protects neuroblastoma cells against microtu- 
bule-interfering drugs. 

Bortezomib protects against Taxol-induced apoptosis. 

To examine whether Bortezomib-mediated protection is due 
to inhibition of apoptotic cell death, we measured DNA 
fragmentation as a characteristic parameter of apoptosis. 
Importantly, kinetic analysis showed that Bortezomib 
significantly reduced Taxol-induced DNA fragmentation 
over an extended time period (Figure 2a). In addition, 
Bortezomib attenuated Taxol-triggered cleavage of 
caspase-9 and -3 into active cleavage products compared 
with treatment with Taxol alone (Figure 2b). Caspase- 
dependent apoptosis was confirmed by using the 
pan-caspase inhibitor A/-benzyloxycarbonyl-Val-Ala-Asp- 
fluoromethylketone (zVAD.fmk), which significantly reduced 
DNA fragmentation on treatment with Taxol and/or Bortezo- 
mib (Figure 2c). Moreover, we assessed activation of BAX as 
a marker of mitochondrial apoptosis. Immunoprecipitation 
followed by western blotting analysis of the active form of 
BAX revealed that Bortezomib decreased BAX activation in 
response to Taxol treatment compared with treatment with 
Taxol alone (Figure 2d). Addition of zVAD.fmk had little effect 
on BAX activation (Supplementary Figure S1), indicating that 
BAX activation does not primarily depend on caspase 



activity. This set of experiments indicates that Bortezomib 
rescues cells from Taxol-induced apoptosis. 

Bortezomib reduces Taxol-induced mitotic arrest. 

Induction of apoptosis by microtubule-targeted drugs has 
been linked to suppression of microtubule dynamics and 
prolonged mitotic arrest. 2 As proteasome inhibitors have 
been described to impair cell cycle progression by disturbing 
the coordinated degradation of cell cycle regulatory 
proteins, 6 we asked whether Bortezomib prevents cells 
from entering mitosis, the phase of the cell cycle in which 
they are most vulnerable to antitubulin chemotherapeutics. 
To address this question, we performed cell cycle analysis 
using flow cytometry. Although treatment with Taxol caused 
a profound arrest of cells in G2/M phase, the addition of 
Bortezomib significantly reduced this Taxol-mediated G2/M 
arrest (Figure 3a). In line with a previous report, 18 treatment 
with Bortezomib alone increased the amount of cells in G2/M 
phase (Figure 3a). As flow cytometric analysis of cell cycle 
distribution does not distinguish between G2 or M phase 
arrest, we additionally analyzed two M-phase specific 
markers, that is, Polo-like kinase 1 (PLK1) and phospho- 
rylated histone H3 (pH3). 19,20 Although Taxol markedly 
enhanced PLK1 and pH3 levels, the addition of Bortezomib 
substantially reduced this Taxol-stimulated increase of PLK1 
and pH3 expression (Figure 3b). As an additional marker 
of prolonged mitotic arrest and impaired cell division, we 
quantified the amount of polyploid cells. 21 Notably, the 
addition of Bortezomib significantly decreased Taxol-stimu- 
lated increase in polyploidy (Figure 3c). Consistent with the 
notion that Bortezomib suppresses cell cycle progression, 
Bortezomib significantly decreased cell density with little 
DNA fragmentation compared with untreated cells 
(Supplementary Figure S2a, Figure 2a). 

As cell cycle progression is tightly regulated by the 
coordinated expression and activity of cyclins, cyclin-depen- 
dent kinases (CDKs) and their inhibitors, 3 we hypothesized 
that Bortezomib-mediated impairment of cell cycle progres- 
sion is due to stabilization of CDK inhibitor(s). To address 
this point, we analyzed expression levels of p21 protein as an 
example of a CDK inhibitor whose stability is tightly controlled 
by proteasome-mediated degradation 22 As shown in 
Figure 3b, Bortezomib caused accumulation of p21 protein 
with some differences in the kinetics of p21 accumulation in 
the two cell lines, confirming that Bortezomib alters expres- 
sion levels of cell cycle regulators in our system. To exclude 
that Bortezomib interferes with the action of Taxol on its 
molecular target, we analyzed the acetylation status of 
tubulin, a marker of microtubule stabilization 2 Bortezomib 
did not alter Taxol-stimulated increase in acetylated tubulin 
(Supplementary Figure S2b), indicating that Bortezomib does 
not interfere with Taxol's effect on microtubule dynamics. 
Together, this set of experiments shows that Bortezomib 
impairs Taxol-induced G2/M transition, mitotic arrest and 
induction of polyploidy. 

Schedule-dependent protection against Taxol-induced 
apoptosis by Bortezomib. To further test the hypothesis 
that Bortezomib rescues Taxol-induced apoptosis by 
interfering with Taxol-induced mitotic arrest, we added 
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Bortezomib simultaneously or, alternatively, at 2, 6 or 12 h 
after administration of Taxol. Interestingly, increasing the time 
gap between the addition of Bortezomib and the administra- 
tion of Taxol resulted in a progressive loss of Bortezomib's 
ability to protect against Taxol-induced apoptosis (Figure 4a). 
In parallel, the ability of Bortezomib to inhibit Taxol-induced 



mitotic arrest and induction of polyploidy was lost or 
substantially impaired, when it was added 12 h after Taxol 
(Figures 4b-d). These results reveal that the Bortezomib- 
conferred protection against Taxol-induced apoptosis is 
schedule-dependent and confirm that Bortezomib rescues 
Taxol-induced apoptosis by impairing cell cycle progression. 
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Figure 1 Bortezomib rescues neuroblastoma cells from Taxol-induced loss of viability, (a and b) SH-EP and LAN5 cells were treated with indicated concentrations of Taxol 
and/or 50 nM Bortezomib for 24 and 36 h, respectively. Cell viability was assessed by MTT assay and is expressed as the percentage of controls (a). CI was determined by the 
CalcuSyn software (b). CI < 0.9 indicates synergism, 0.9-1.1 additivity and >1.1 antagonism, (c) SH-EP and LAN5 cells were treated with 1 fM Taxol and/or 50 nM 
Bortezomib for 24 and 36 h, respectively; then cells were seeded as single cells and grown in drug-free medium for 14 days before colony formation was assessed by crystal 
violet staining and colonies were counted under the microscope. The number of colonies is expressed as the percentage of untreated controls (upper panels) and 
representative images are shown (lower panels), (d) SH-EP and LAN5 cells were treated with indicated concentrations of Vinblastine, Vincristine and Vinorelbine and/or 50 nM 
Bortezomib for 24 and 36 h, respectively. Cell viability was assessed by MTT assay and is expressed as the percentage of controls, (e) SH-EP cells were treated with indicated 
concentrations of Doxorubicin or Cisplatinum and/or 50 nM Bortezomib for 24 h. Cell viability was assessed by MTT assay and is expressed as the percentage of untreated 
controls. Mean + S.D. of three independent experiments performed in triplicate are shown; *P<0.05; **P<0.01 
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Figure 1 Continued 



Bortezomib counteracts Taxol-stimulated MCL-1 
degradation and BCL-2 phosphorylation. Antitubulin 
chemotherapeutics have been reported to modulate expres- 
sion levels and post translational modifications of two 
antiapoptotic BCL-2 family proteins, that is, MCL-1 and 
BCL-2, during mitotic arrest. 4,23 Proteasomal degradation of 
MCL-1 has been described to be required for microtubule- 
targeted drug-induced apoptosis, 4 while phosphorylation of 
BCL-2 during mitotic arrest has been reported as a 
pro apoptotic or antiapoptotic event depending on the 
context. 24 In addition, BCL-2 has been implicated in the 
control of cell cycle progression 25 Therefore, we monitored 



expression and phosphorylation of MCL-1 and BCL-2 on 
treatment with Taxol and/or Bortezomib. Interestingly, 
Bortezomib abolished the Taxol-triggered progressive 
decline of MCL-1 protein levels (Figure 5). Also, treatment 
with Bortezomib alone caused accumulation of MCL-1 
protein compared with untreated cells (Figure 5), which is 
likely due to its reduced proteasomal degradation upon 
Bortezomib treatment. Furthermore, Bortezomib profoundly 
suppressed Taxol-stimulated phosphorylation of BCL-2 
(Figure 5). Notably, the ability of Bortezomib to counteract 
Taxol-mediated MCL-1 degradation or BCL-2 phosphoryla- 
tion was substantially impaired, when it was added 12 h after 
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Figure 2 Bortezomib impairs Taxol-induced apoptosis. SH-EP and LAN5 cells were treated with 1 [M Taxol and/or 50 nM Bortezomib for the indicated time points, 
(a) Apoptosis was determined by analysis of DNA fragmentation of Pl-stained nuclei using flow cytometry. Mean + S.D. of three independent experiments performed in 
triplicate are shown; *P<0.05; **P<0.01. (b) Activation of caspase-9 and -3 was detected by western blotting analysis, arrowheads indicate cleavage products. GAPDH 
(glyceraldehyde 3-phosphate dehydrogenase) was used as loading control, (c) SH-EP and LAN5 cells were treated for 24 and 36 h, respectively, with 1 fM Taxol and/or 
50 nM Bortezomib in the presence or absence of 20 /M zVAD.fmk. Apoptosis was determined by DNA fragmentation of Pl-stained nuclei and flow cytometry. Mean + S.D. of 
three independent experiments performed in triplicate are shown; *P< 0.05; **P< 0.01 . (d) SH-EP and LAN5 cells were treated with 1 ^M Taxol and/or 50 nM Bortezomib for 
24 h. The active form of BAX was immunoprecipitated from total protein lysates. BAX protein levels were detected by western blotting. GAPDH was used as purity and loading 
control 
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Figure 3 Bortezomib decreases Taxol-induced G2 arrest, (a) SH-EP and LAN5 cells were treated with 1 Taxol and/or 50 nM Bortezomib for 1 6 and 24 h, respectively. 
DNA was stained by PI, and cell cycle analysis was performed by flow cytometry and FlowJo software. Mean + S.D. of three independent experiments performed in triplicate 
are shown; *P< 0.05; **P< 0.01 . (b) SH-EP and LAN5 cells were treated with 1 (M Taxol and/or 50 nM Bortezomib for the indicated time points. PLK1 , pH3 and p21 protein 
levels were detected by western blotting analysis. /?-Actin was used as the loading control, (c) SH-EP and LAN5 cells were treated with 1 [M Taxol and/or 50 nM Bortezomib 
for the indicated time points. DNA was stained by PI, and the percentage of polyploid cells was evaluated by FlowJo software analysis. Mean + S.D. of three independent 
experiments performed in triplicate are shown; *P<0.05; **P<0.01 



Taxol (Supplementary Figure S3), in parallel with its failure to 
rescue Taxol-induced mitotic arrest and apoptosis under 
these conditions (Figures 4a-c). This set of data demon- 
strates that Bortezomib inhibits the Taxol-triggered protea- 
somal degradation of MCL-1 and phosphorylation of BCL-2. 

BCL-2 phosphorylation rescues Taxol-induced 
apoptosis by modulating the cell cycle. To investigate 
the role of BCL-2 phosphorylation, we generated SH-EP cells 
overexpressing BCL-2 wild-type (BCL-2 WT), BCL-2 phos- 
phomutant (BCL-2 AAA), which cannot be phosphorylated 
during mitotic arrest, and BCL-2 phosphomimetic 
(BCL-2 EEE), which mimics the effect of phosphorylation 



(Supplementary Figure S4a). Interestingly, cells expres- 
sing BCL-2 phosphomutant (BCL-2 AAA) exhibited 
increased PLK1 levels and G2/M arrest upon Bortezomib/ 
Taxol cotreatment compared with cells expressing BCL-2 
WT (Figure 6a lanes 4 and 8; Figure 6b, right panel). 
Consistently, Bortezomib/Taxol-induced apoptosis was sig- 
nificantly increased in BCL-2 phosphomutant cells compared 
with BCL-2 WT (Figure 6c). This demonstrates that impair- 
ment of BCL-2 phosphorylation leads to increased mitotic 
arrest and apoptosis. On the contrary, BCL-2 phosphomi- 
metic cells (BCL-2 EEE) displayed decreased PLK1 levels 
and G2/M arrest upon Taxol treatment compared with BCL-2 
WT cells (Figure 6a lanes 3 and 15; Figure 6b, left panel). In 
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Figure 4 Schedule-dependent protection against Taxol-induced apoptosis by Bortezomib. (a) SH-EP and LAN5 cells were treated with 1 fM Taxol for 24 and 36 h, 
respectively. A total of 50 nM Bortezomib was added at indicated time points. Apoptosis was determined by the analysis of DNA fragmentation of Pl-stained nuclei and flow 
cytometry. Mean + S.D. of three independent experiments performed in triplicate are shown, (b) SH-EP and LAN5 cells were treated with 1 (M Taxol for 24 h, and 50 nM 
Bortezomib was added after 12 h. DNA was stained by PI, and the cell cycle analysis was performed by flow cytometry and FlowJo software. Mean + S.D. of three 
independent experiments performed in triplicate are shown; NS, not significant, (c and d) SH-EP and LAN5 cells were treated with 1 ^M Taxol for 24 h, and 50 nM Bortezomib 
was added concomitantly or after 12 h. PLK1 and pH3 protein levels were assessed by western blotting analysis; GAPDH (glyceraldehyde 3-phosphate dehydrogenase) 
was used as the loading control (c). DNA was stained by PI and the percentage of polyploidy cells was determined by flow cytometry and FlowJo software 
analysis (d). Mean + S.D. of three independent experiments performed in triplicate are shown; **P<0.01 



line with this attenuation of Taxol-induced mitotic arrest in 
BCL-2 EEE cells, these cells were significantly protected 
against Taxol-induced apoptosis (Figure 6c). By comparison, 
these BCL-2 variants exhibited similar cell cycle profiles 
under constitutive conditions or upon Bortezomib treatment 
(Supplementary Figure S4b). This set of experiments 
indicates that BCL-2 phosphorylation is an antiapoptotic 
event during Taxol-induced apoptosis by impairing cell 
cycle progression and mitotic arrest. This implies that 
Bortezomib-mediated suppression of Taxol-stimulated 



BCL-2 phosphorylation is the consequence of reduced 
mitotic arrest rather than the cause of the Bortezomib- 
conferred protection against apoptosis. 

Bortezomib rescues Taxol-induced apoptosis by 
counteracting MCL-1 degradation. To investigate the role 
of MCL-1 in Bortezomib-mediated protection against 
Taxol-induced apoptosis, we used the following genetic 
approaches. First, we overexpressed a phosphomutant 
variant of MCL-1 (Myc-MCL-1 4A), which is insensitive to 



Cell Death and Disease 



Rescue of antitubulin drugs by Bortezomib 

F Rapino et al 



SH-EP 



LAN5 





12h 


16h 




24h 






12h 




16h 




24h 




Bort 


+ - + - 


+ 


+ 


+ 


+ 


Bort 


+ 


+ 


+ 


+ 


+ 


+ 


Taxol 


+ + 


+ 


+ 


+ 


+ 


Taxol 


+ 


+ 


+ 


+ 


+ 


+ 


MCL-1 












MCL-1 















BCL-2 



GAPDH 



BCL-2 



GAPDH 



Figure 5 Bortezomib counteracts Taxol-triggered MCL-1 degradation and BCL-2 phosphorylation. SH-EP and LAN5 cells were treated with 1 fiM Taxol and/or 50 nM 
Bortezomib for the indicated time points. MCL-1 and BCL-2 protein levels were assessed by western blotting analysis. GAPDH (glyceraldehyde 3-phosphate dehydrogenase) 
was used as loading control 



Taxol-induced proteasomal degradation 4 (Figure 7a). 
Second, we stably knocked down MCL-1 by short-hairpin 
(sh) RNA interference (Figure 7c). Third, we transiently 
knocked down MCL-1 by short interfering (si) RNA 
(Figure 7e). Importantly, ectopic expression of MCL-1 
phosphomutant (Myc-MCL-1 4A) prevented the Taxol- 
induced downregulation of MCL-1 protein and significantly 
decreased Taxol-induced apoptosis compared with cells 
transfected with MCL-1 wild-type (Myc-MCL-1 WT) 
(Figure 7b). Vice versa, interference with Bortezomib- 
triggered accumulation of MCL-1 by shRNA or siRNA 
resulted in a significant increase in Taxol/Bortezomib- or 
Bortezomib-induced apoptosis (Figures 7d and f). This set of 
results indicates that Bortezomib-triggered accumulation 
of MCL-1 contributes to Bortezomib-conferred protection 
against Taxol-induced apoptosis. 

Discussion 

Concomitant targeting of different cellular pathways is 
considered as a promising strategy in tumor treatment. For 
example, the FDA-approved proteasome inhibitor Bortezomib 
has been used in combination regimens to enhance the 
antitumor activity of various cytotoxic drugs. 8 We recently 
showed that Bortezomib synergizes with the death receptor 
ligand TRAIL in preclinical models of neuroblastoma and 
glioblastoma. 16,17 In the present study, we therefore asked 
whether Bortezomib can be used to enhance the chemo- 
sensitivity of neuroblastoma cells. 

Unexpectedly, we discover an antagonistic drug interaction 
of Bortezomib and microtubule-interfering drugs, including 
Taxol and vinca alkaloids. We demonstrate that Bortezomib 
impairs Taxol-mediated apoptosis, as confirmed by several 
parameters of apoptotic cell death, that is, reduced DNA 
fragmentation, BAX activation, caspase cleavage and cas- 
pase-dependent cell death. The relevance of our findings is 
underlined by experiments showing that Bortezomib restores 
long-term clonogenic survival after Taxol treatment. We 
propose a model in which the proteasome inhibitor Bortezo- 
mib inhibits G2/M transition by disturbing the coordinated 
degradation of cell cycle regulatory proteins, thereby 



preventing cells to enter mitosis, the cell cycle phase in which 
they are most vulnerable to microtubule-targeted drugs 
(Figure 8). Several lines of evidence support this conclusion. 
First, cotreatment with Bortezomib mitigates Taxol-induced 
mitotic arrest as shown by the lower percentage of cells in M 
phase, reduced expression of mitotic markers such as PLK1 
and pH3 and a decrease in polyploidy upon cotreatment. 
Modification of the schedule of Bortezomib administration 
underscores the critical role of cell cycle events for the 
antagonistic drug interaction, as addition of Bortezomib 12 h 
after Taxol treatment abrogates its ability both to interfere 
with Taxol-stimulated mitotic arrest and to rescue cells from 
Taxol-induced apoptosis. Second, in line with the proposed 
mechanism of action, Bortezomib selectively protects against 
microtubule-interfering drugs but not against other classes of 
chemotherapeutic agents, that is, the topoisomerase II 
inhibitor Doxorubicin or the DNA-crosslinking agent Cisplati- 
num. Third, Bortezomib antagonizes the Taxol-mediated 
proteasomal degradation of MCL-1 during mitotic arrest, both 
by preventing cells to enter mitosis and by inhibiting the 
proteasome. This Bortezomib-mediated blockage of Taxol- 
stimulated depletion of MCL-1 contributes to the rescue effect 
of Bortezomib as shown by the following two sets of 
experiments: (I) Similar to co-administration of Bortezomib, 
the genetic inhibition of Taxol-induced downregulation of 
MCL-1 by ectopic expression of a phosphomutant variant of 
MCL-1 , which cannot be phosphorylated and thus marked for 
proteasomal degradation, significantly reduces Taxol-induced 
apoptosis. (II) Abolishing the Bortezomib-mediated accumu- 
lation of MCL-1 by genetic silencing significantly increases 
apoptosis upon Taxol/Bortezomib cotreatment. Thus, protea- 
somal degradation of MCL-1 represents a critical event that 
links Taxol-stimulated mitotic arrest to the induction of 
apoptosis. 

Proteasomal degradation of MCL-1 on its phosphorylation 
during prolonged mitotic arrest was recently identified as a 
key step during apoptosis on treatment with microtubule- 
interfering drugs. 4 ' 5 Importantly, we demonstrate in this study 
that Bortezomib counteracts Taxol-stimulated proteasomal 
degradation of MCL-1 , thereby providing protection against a 
distinct class of anticancer drugs, that is, antitubulin 
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Figure 6 BCL-2 phosphorylation rescues Taxol-induced apoptosis by modulating the cell cycle. SH-EP cells were transfected with BCL-2 wild-type (BCL-2 WT), BCL-2 
phosphomutant (BCL-2 AAA) and BCL-2 phosphomimetic plasmid (BCL-2 EEE) and treated for 24 h with 1 /uU Taxol and/or 50 nM Bortezomib. Expression of ectopically 
expressed murine BCL-2 and PLK1 levels was detected by western blotting analysis; /?-Actin was used as the loading control (a). Cell cycle analysis was performed by DNA 
staining with PI, flow cytometry and FlowJo software (b). Apoptosis was determined by the analysis of DNA fragmentation of Pl-stained nuclei and flow cytometry (c). 
Mean + S.D. of three independent experiments performed in triplicate are shown; **P<0.01 



chemotherapeutics that exert their cytotoxicity during mitosis. 
In contrast to MCL-1 phosphorylation, which we demonstrate 
to be critically required for Taxol-induced apoptosis, the 
Taxol-stimulated phosphorylation of BCL-2 represents an 
antiapoptotic event during Taxol-mediated apoptosis. Using 
both a phosphomutant and a phosphomimetic variant of 
BCL-2, our data indicate that BCL-2 phosphorylation is a 
consequence of Taxol-induced mitotic arrest and inhibits 



apoptosis by attenuating cell cycle progression to the M 
phase, in line with previous reports showing that BCL-2 blocks 
apoptosis by inhibiting cell cycle progression. 25,26 

Proteasome inhibitors have been described to inhibit cell 
cycle progression by disturbing the coordinated degradation 
of cell cycle regulatory proteins. 18 However, the impact of 
Bortezomib on Taxol-induced apoptosis has been controver- 
sially discussed. Although Bortezomib was shown to increase 
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Figure 7 Bortezomib rescues Taxol-induced apoptosis by counteracting MCL-1 degradation, (a and b) SH-EP cells were transfected with MCL-1 wild-type (Myc-MCL-1 
WT) or MCL-1 phosphomutant plasmid (Myc-MCL-1 4A) and treated for 24 h with 1 /M Taxol and/or 50 nM Bortezomib. Expression of MCL-1 was detected by western 
blotting analysis, /?-actin was used as loading control (a). Apoptosis was determined by the analysis of DNA fragmentation of Pl-stained nuclei and flow cytometry (b). 
(c and d) SH-EP cells transduced with control vector (shCtrl) or vector containing shRNA sequence against MCL-1 (shMCL-1) were treated for 24 h with 1 fM Taxol and/or 
50 nM Bortezomib. Expression of MCL-1 was detected by western blotting analysis, GAPDH (glyceraldehyde 3-phosphate dehydrogenase) was used as loading control (c). 
Apoptosis was determined by the analysis of DNA fragmentation of Pl-stained nuclei and flow cytometry (d). (e and f) SH-EP cells transfected with 5 nM siMCL-1 and treated 
for 24 h with 1 /M Taxol and/or 50 nM Bortezomib. Expression of MCL-1 was detected by western blotting analysis, GAPDH was used as loading control (e). Apoptosis was 
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apoptosis on treatment with Taxol in lymphoma or pancreatic 
carcinoma cells, 27 ' 28 another study reported that it decreased 
Taxol-mediated apoptosis of ovarian carcinoma cells. 29 Thus, 
cell type-dependent factors may contribute to the regulation of 
Taxol-induced apoptosis by Bortezomib. 

Our findings have important implications for the use of 
Bortezomib in combination therapies for the treatment of 
cancers such as neuroblastoma, especially as Bortezomib 
in combination with chemotherapeutics, including taxanes, 
is being evaluated in clinical trials 30 (http://www.clinical 



trials.gov). By identifying antagonistic drug interactions under 
certain conditions, that is, when Bortezomib is combined 
with microtubule-interfering drugs in neuroblastoma cells, our 
study challenges the concept that Bortezomib functions as 
'universal' sensitizer for apoptosis, as previously shown for 
certain combinations such as Bortezomib plus TRAIL. 8 ' 16 ' 17 
Rather, Bortezomib modulates apoptosis sensitivity of 
cancer cells in a context-dependent manner, depending on, 
for example, the cytotoxic stimulus, cell type, administration 
schedule and so on. Notably, we show that altered 
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Figure 8 Scheme of the proposed mechanism. Taxol inhibits microtubule 
dynamics and induces prolonged mitotic arrest, which leads to proteasomal 
degradation of MCL-1 and polyploidy and eventually to apoptosis (red lines). 
Bortezomib inhibits G2/M transition and blocks proteasomal degradation of MCL-1 
(green lines), thereby impairing Taxol-induced cell death. See text for details 

administration of Bortezomib 12 h after Taxol completely 
abrogates its ability to rescue Taxol-stimulated mitotic arrest 
and apoptosis, underscoring the concept of context depen- 
dency. Therefore, preclinical evaluation of Bortezomib-based 
combinations in a given tumor type as well as studies of the 
underlying mechanisms of drug interaction and of the most 
suitable administration schedule are critical for the rational 
design of synergistic combination therapies with Bortezomib 
for clinical translation. 



Materials and Methods 

Cell culture and chemicals. Neuroblastoma cell lines were obtained from 
the American Type Culture Collection (Manassas, VA, USA). Cells were 
maintained in DMEM medium (Life Technologies, Inc., Eggenstein, Germany), 
supplemented with 10% fetal calf serum (Biochrom, Berlin, Germany), 1 mM 
glutamine (Invitrogen, Karlsruhe, Germany), 1% penicillin/streptomycin (Invitrogen) 
and 25 mM HEPES (Biochrom). Bortezomib was obtained from Jansen-Cilag 
(Neuss, Germany); Doxorubicin, Taxol, Vinblastine, Vincristine, Vinorelbine and 
Cisplatinum from Sigma (Deisenhofen, Germany). zVAD.fmk was obtained from 
Bachem (Heidelberg, Germany). BCL-2 plasmids (pClneo; BCL-2 WT, BCL-2 
AAA, BCL-2 EEE) were kindly provided by Professor W.S. May (Gainesville, FL, 
USA), MCL-1 plasmids (Myc-MCL-1 WT, Myc-MCL-1 4A (S64A/S121A/S159A/ 
T163A)) by Genentech (South San Francisco, CA, USA). Chemicals were 
purchased from Sigma unless otherwise indicated. 

Cell transduction and transfection. For stable gene knockdown, shRNA 
targeting MCL-1 sequence (S'-GGCAGTCGCTGGAGATTAT-S') or a control 
sequence with no corresponding part in the human genome (5'-GATCATGTAGAT 
ACGCTCA-3') were cloned into pGreenPuro, and lentivirus-containing super- 
natants were generated as previously described. 31 Stable cell lines were produced 
by selection with 1 ^g/ml puromycin. Cells were transfected with 4/ug of plasmid 
supplied with Lipofectamine 2000 (Invitrogen); BCL-2 EEE (T69E/S70E/S87E); 
BCL-2 AAA (T69A/S70A/S87A); BCL-2 WT and pClneo-expressing cells were 
maintained in selection with 0.4/jg/ml G418 (Sigma). For transient silencing of 
MCL-1 by siRNA, cells were reverse transfected with 10nM MCL-1 siRNA (no.1: 
s8583; no.2: s8584; Invitrogen) using Lipofectamine RNAi MAX (Invitrogen) diluted 
in Optimeme medium (Invitrogen) according to the manufacturer's instructions. 

Determination of apoptosis, cell viability and colony formation. 

Apoptosis was determined by flow cytometric analysis (FACSCanto II, BD 
Biosciences, Heidelberg, Germany) of DNA fragmentation of Pl-stained nuclei as 
described previously. 32 The percentage of specific apoptosis was calculated as 
follows: 100 x (experimental apoptosis (%)- spontaneous apoptosis (%))/ 



(100% -spontaneous apoptosis (%)). Spontaneous apoptosis is defined as the 
amount of DNA fragmentation of untreated cells. Cell viability was assessed by 3- 
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay according 
to the manufacturer's instructions (Roche Diagnostics, Mannheim, Germany). For 
colony assay, cells were treated for 24 (SH-EP) or 36 h (LAN5) before cells were 
trypsinized, seeded as single cells (200 cells/well) in six-well plates and cultured 
for additional 14 days before staining with 0.75% crystal violet, 50% ethanol, 
0.25% NaCI and 1.57% formaldehyde. The number of colonies was counted under 
the microscope. 

Western blotting analysis. Western blotting analysis was performed as 
described previously 32 using the following antibodies: rabbit anti-caspase-3, rabbit 
anti-caspase-9 (Cell Signaling, Beverly, MA, USA), rabbit anti-PLK1 (Santa Cruz 
Biotechnology, Santa Cruz, CA, USA); mouse anti-p21, mouse anti-BCL-2 (BD 
Biosciences, Franklin Lakes, NJ, USA); mouse anti-murine BCL-2 (Invitrogen); 
rabbit anti-pH3 (Millipore, Darmstadt, Germany); rabbit anti-MCL-1 (Enzo Life 
Science, Lorrach, Germany). Mouse anti-/?-actin (Sigma) and mouse anti-GAPDH 
(HyTest, Turku, Finland) were used as loading controls. Goat anti-mouse IgG and 
goat anti-rabbit IgG conjugated to horseradish peroxidase (Santa Cruz 
Biotechnology) as secondary antibodies and enhanced chemiluminescence were 
used for detection (Amersham Bioscience, Freiburg, Germany). Alternatively, 
infrared dye-labeled secondary antibodies and infrared imaging were used for 
detection (Odyssey imaging system, LI-COR Bioscience, Bad Homburg, 
Germany). Representative blots of at least two independent experiments are 
shown. 

Immunoprecipitation. Immunoprecipitation of active BAX was performed as 
previously described. 33 Briefly, cells were lysed in CHAPS buffer (1% CHAPS, 
150mM NaCI, 10mM HEPES pH 7.4) supplemented with a protease inhibitor 
tablet (Roche, Grenzach, Germany). In all, 1 mg of protein was incubated with 
10^g mouse anti-BAX antibody (BD Biosciences) overnight at 4°C with 20 /u\ 
pan-mouse IgG Dynabeads (Invitrogen) and washed with CHAPS buffer. BAX was 
detected using rabbit anti-BAX antibody (Millipore). 

Cell cycle and polyploidy analysis. Cells were stained with PI, and cell 
cycle and polyploidy analysis were performed by FlowJo Software (Tree Star Inc., 
Ashland, OR, USA) according to the manufacturer's instructions. 

Statistical analysis. Statistical significance was assessed by Student's f-test 
(two-tailed distribution, two-sample, unequal variance). Interaction between Taxol 
and Bortezomib was analyzed by the CI method based on that described by 
Chou 34 using the CalcuSyn software (Biosoft, Cambridge, UK). CI < 0.9 indicates 
synergism, 0.9-1.1 additivity and >1.1 antagonism. 
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